We characterize the spatiotemporal evolution of a photosensitive Belousov-Zhabotinsky medium that is made up of coupled oscillatory cells with randomly distributed frequencies. The medium evolves from an initial state of multiple wave sources to a synchronized state governed by a single wave source. The synchronization occurs via a competition between the sources, which arises when the oscillators are not identical but have slightly different natural frequencies. The evolution of each cell is monitored to demonstrate frequency and phase synchronization of the inhomogeneous cellular medium, and a simple kinematic description for the advance of the phase-diffusion wave is presented.
Self-sustained oscillators that are coupled by diffusion are found in many natural and man-made systems. A wide range of dynamics can be found in arrays of coupled oscillators, and synchronization in such systems has been extensively studied [1] [2] [3] . Several recent experimental studies have examined systems of coupled oscillators and extended oscillatory media [4 -6] . The transition from oscillatory to traveling wave behavior is often observed in spatially distributed systems and is thought to play a role in certain biological [7] and ecological systems [8] . The simplest case of this transition is when a pacemaker, consisting of an oscillatory source with a shorter period than the rest of the medium, generates a pulse train that spreads into the medium [1] . Related behavior has been observed in spatially distributed chemical media such as the BelousovZhabotinsky (BZ) reaction [9] , where heterogeneities such as adventitious dust particles give rise to oscillatory sources. Waves that emanate from these pacemakers propagate into the surrounding excitable medium, with the highest frequency source ultimately entraining the system. The transition to a final coherent state imposed by the highest frequency wave source has been theoretically investigated in oscillatory media [1, 10, 11] . Kuramoto [1] showed that when two wave sources with different frequencies compete, the slower source is overtaken by the faster source, such that all oscillations eventually occur at the higher frequency. These results have been extended to the case of n sources of two different frequencies [10] as well as to fully disordered systems [11] .
In this Letter, we report on a systematic study of wave mediated synchronization of oscillatory cellular media in experiments and corresponding simulations. Our system is an array of oscillatory cells with controllable coupling at the cell boundaries. The cellular system differs from a system with point sources in that each cell making up the medium has a randomly assigned oscillatory frequency and is directly coupled to its nearest neighbors.
Experiments were carried out with the photosensitive BZ reaction [12] , in which the Rubpy 2 3 catalyst is immobilized in a gel [13] . The reaction mixture composition was prepared so that under dark conditions the medium was oscillatory. An illumination pattern consisting of an array of squares separated by boundaries of higher intensity illumination was projected onto the gel. This pattern produced a lattice of oscillatory cells coupled through regions of lower excitability. Each experiment was initiated in two phases. The dynamical behavior was first reset by applying high intensity light uniformly across the medium, rendering the entire system nonexcitable and erasing all previous activity. The static illumination pattern was then imposed, with the period of each oscillator determined by the local light intensity. Random light intensities were uniformly distributed with maximal disorder over the lattice such that all cells remained in the oscillatory regime.
The transition to the synchronized state is shown in Fig. 1 , where the instantaneous period of each cell is plotted as a function of time. The periods are initially distributed according to the variation in light intensity and differ over the range T i 25:14 2:15 s (standard deviation). The transient behavior involves smooth changes of the periods, interrupted by abrupt jumps as the system evolves. Several synchronized clusters can be seen, and the system gradually evolves so that all cells are eventually entrained to a common frequency. A gradual increase in average period is observed in Fig. 1 due to the experimental drift of the BZ system; however, all cells eventually synchronize to the highest frequency cell. We note that similar frequency changes, including abrupt, punctuated jumps, have been theoretically characterized in distributed oscillatory media [10] .
The spatiotemporal evolution of the pattern in a typical experiment is shown in Fig. 2 , with a space-time plot in the left panel and corresponding snapshots of the wave behav-ior to the right. We see an initial state (t 50 s) with independent oscillations in each cell, where an expanding wave forms at the center of each cell. These waves propagate outward until they collide with waves generated by neighboring cells. Eventually, only two cells with nearly the same frequency dominate the entire system, as shown in the last snapshot in Fig. 2 (t 1250 s) . The competition between the different pacemakers can also be seen in the space-time plot, which is taken along the horizontal cut indicated in the first snapshot. This competition defines collision boundaries in the phase profile, shown by the nearly vertical dotted lines in the space-time plot, where waves from different domains collide.
The far right-hand panels in Fig. 2 show the phase difference of each cell relative to an arbitrary reference cell, where each panel corresponds to the snapshot to the left. The phase differences vary as the system evolves until the entire medium becomes entrained by the phasediffusion wave, whereupon the phase differences become stationary. This phase synchronization arises from the phase-diffusion wave, and therefore, the phase is a function of distance from the wave source: r; t !t ÿ kr, where r jr ÿ r 0 j is the distance from the wave source r 0 , ! is the oscillation frequency, and k is the wave number [14] . Since the time evolution of all phases is the same in the synchronized state, we can define a phase profile as the difference of the phases at each point with respect to the phase at an arbitrary reference point, r; t r; t ÿ r ref ; t [15] . This phase profile is stationary, as shown by the V shape in the space-time plot after t 1000 s, which corresponds to the phase-diffusion wave. Figure 3 shows the evolution of a system identical to that in Fig. 2 except that the cell boundaries were made much less excitable by imposing higher light intensity in these regions. After the initial transient behavior, shown in the first snapshot, the oscillations in the cells occur independently, as can be seen in the subsequent snapshots. The light intensity distribution gives rise to some cells with higher excitability that oscillate frequently, while other cells with lower excitability oscillate infrequently or not at all [16] . With the nonexcitable boundaries, virtually no interaction occurs between the oscillators and there is no synchronization, as can be seen in the space-time plot to the right.
Simulations of wave mediated synchronization were carried out with the Oregonator model of the photo-BZ reaction [17] in an analogous array of cells, with each cell surrounded by a lower excitability boundary. Figure 4(a) shows a space-time plot and snapshots of a 7 7 cell array in which the excitability was varied in each cell by assigning a random value to the parameter in the model, corresponding to the illumination intensity [12, 13] . The first and second snapshots reveal a pacemaker emerging at a cell (row 5, column 2) that develops into a target pattern in subsequent snapshots. The space-time plot shows the evolution of the synchronization by this wave source, which appears as the global minimum in each phase profile, as the other sources become entrained.
Insights into the synchronization can be gained by examining two neighboring cells having slightly different oscillatory frequencies, as shown in the space-time plot in Fig. 4(b) . The two cells begin with the same phase; however, there is an incremental advance in phase of the left cell with respect to the right cell with each oscillation due to the higher frequency of the left cell. The left and right extremes of the medium oscillate virtually independently; however, at the point of contact between the cells, there is a gradual transition from homogeneous oscillation to a traveling wave.
The time from the initially independent behavior, with zero phase shift, to the complete entrainment can be estimated by observing that the slope of the traveling wave in the space-time plot corresponds to the inverse of the wave velocity v. At the same time, this slope is equal to the ratio of the wave propagation distance l to the delay t between the left and right cells, l t v, as shown in Fig. 4(c) . The delay accumulates linearly from the initiation time and increments by the period difference between the left and right cells (T 1 ÿ T 0 ) on each oscillation, t
Together, these relationships give the time to entrainment, t , as proportional to the cell size, l L, and the smaller oscillation period T 0 , and inversely proportional to the traveling wave velocity and the difference between the periods:
For small differences in excitability, the wave velocity is virtually constant (see Figs. 2 and 4) , and the most significant factor in the competition between the cells is the difference between their natural frequencies. We can apply this analysis to determine the time required for the successive entrainment of cells, such as the entrainment of cell 3 by cell 2, cell 4 by cell 3, and cell 5 by cell 4 in row 3, shown in Fig. 2 (see horizontal cut in snapshot at t 50 s). With the measured period of each cell, the wave velocity v 0:067 mm s ÿ1 and cell width L 1:65 mm, Eq. (1) gives entrainment times of 132, 188, and 88 s compared to the measured entrainment times of 140, 170, and 97 s. While the agreement between the predicted and measured entrainment times is good, close inspection of the entrainment reveals phase wave behavior that is more complex than can be accounted for by the simple kinematic description of Eq. (1), since the oscillations in each cell do not occur uniformly.
Collision boundaries between competing spiral waves, recently characterized theoretically [21, 22] and experimentally [23] , are directly relevant to our kinematic description, Eq. (1). Recent studies concerning synchronization rate as a function of system size in arrays of relaxation oscillators [24] and the treatment of an oscillator chain driven by a pacemaker [1] , which has been further developed for certain classes of coupling [25] , are also relevant to our study. The effects of natural frequency dispersion are likely to play an important role in population dynamics [8] and in neural systems [26] .
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